& Context Biomass prediction is important when dealing for instance with carbon sequestration, wildfire modeling, or bioenergy supply. Although allometric models based on destructive sampling provide accurate estimates, alternative speciesspecific equations often yield considerably different biomass predictions. An important source of intra-specific variability remains unexplained.
Introduction
Many important forest policy issues such as climate change mitigation and forest biomass as a source of renewable energy need knowledge on the biomass and carbon stock of forests (Henry et al. 2011) . High-resolution methods proposed by the Intergovernmental Panel on Climate Change (IPCC 2006) to estimate forest biomass require species-specific biomass models based on country-specific data. In addition, models for specific components of the tree (i.e., needle, branch, crown) are also of interest for fuel loading prediction and wildfire modeling and simulation (e.g., Gray and Reinhardt 2003) in typically fire-prone forest ecosystems such as the eastern Mediterranean Pinus brutia Ten. forests.
Since forest management and planning should currently consider also biomass and carbon issues, models enabling the prediction of biomass and carbon stock are required for all common tree species. A well-known approach is to fit treelevel allometric equations for the main components of trees (foliage, branches, stem, and roots) that enable, in combination with individual-tree growth models, to compute biomass and carbon stock predictions at multiple scales (tree, stand, forest, region, country).
Many previous studies have proposed biomass models for tree species throughout the world (e.g., see Jenkins et al. 2003; Zianis et al. 2005; Henry et al. 2011) . However, despite its evident importance as the most widespread conifer species in the eastern Mediterranean, P. brutia has not been the subject of active research in this field. For example, P. brutia was not included within the 607 biomass equations compiled by Zianis et al. (2005) for about 40 tree species in Europe. Only a few recent studies have tackled the prediction of aboveground biomass for this species in restricted areas of Turkey (Durkaya et al. 2009 ) and in two Greek islands (Zianis et al. 2011) . Other studies have provided local allometric equations for tree crown biomass components based on P. brutia trees smaller than 20 cm in diameter at breast height (dbh) (Küçük and Bilgili 2007; Küçük et al. 2008; Bilgili and Kucuk 2009) . As a consequence, large areas within the natural distribution area of P. brutia remain without tools for a science-based estimation of aboveground biomass and carbon. Differences in tree shape among locations and provenances due to environmental factors (Zianis et al. 2011) or genetic variation (Isik et al. 1999 ) prevent the extrapolation of the above-mentioned local equations to other areas. Henry et al. (2011) also pointed out the existence of an important source of unexplained intra-specific variability in biomass estimates among different equations for many forest species as a result of both environmental and anthropogenic factors. Previous research on other species has shown that biomass allocation may depend on site factors (Crow 1978; Ketterings et al. 2001) , stage of stand development (Porté et al. 2002; António et al. 2007; Peichl and Arain 2007; Tinker et al. 2010) , stand density (Tinker et al. 2010) , and within-stand competitive status of the tree (Naidu et al. 1998 ). This suggests that biomass models should be developed for specific tree species and stand structures (Ter-Mikaelian and Korzukhin 1997) . Despite this, biomass and carbon stocks in different tree components are generally predicted using the same allometric relationships, regardless of the stand structure and forest management regime, especially when fixed-effect models are used or mixed-effect models are not calibrated for a particular site or stand. In the case of mixed-effects models (e.g., Repola 2009), random effects may partly account for the influence of stand structure.
P. brutia forests occurring in Syria and Lebanon constitute two non-connected populations that have been subjected to different past forest management regimes according to different forest policies, which in turn have shaped the forest stand structures ranging from mostly unthinned even-aged stands in Syria to more sparse multilayered and uneven-aged stand structures in Lebanon ( Fig. 1) (de-Miguel et al. 2010 (de-Miguel et al. , 2012b . Since cutting of living trees is strictly forbidden in Syria, most Syrian stands are on the self-thinning limit. On the other hand, many Lebanese stands have been selectively cut which, in combination with wildfires, has resulted in regeneration and the formation of two-to multi-layered stand structures. P. brutia forests in Middle East therefore represent an interesting topic for analyzing the link between forest management, stand structure, and biomass and carbon prediction. The aims of this article are: (1) to provide allometric biomass equations for P. brutia for evenand uneven-aged stands and (2) to discuss the effect of forest management-induced stand structure on biomass and carbon allocation. 
Sampling
Among the different possibilities for assessing tree biomass on large spatial scales, sampling trees covering a wide range of variation throughout the target territory can produce models that enable sound predictions and ensure an unbiased sample of trees (Jenkins et al. 2003; Muukkonen 2007 ). Destructive sampling is considered the most accurate method to produce reliable biomass data (Henry et al. 2011) . In this study, altogether 201 P. brutia trees of different sizes and shapes were felled in Syria (100 trees) and Lebanon (101 trees) beside sample plots used for growth and yield modeling by deMiguel et al. (2010 deMiguel et al. ( , 2012a and by Shater et al. (2011) . Sample trees (Table 1) represented different growing sites, stand densities, and stand ages. Every tree was measured for dbh (1.3 m), total tree height, crown length, and stem diameters at the following relative heights 1, 5, 10, 20,…90 % of total tree height. All branches of each tree were collected into bundles, the fresh mass of which were measured in the field with a spring balance. The fresh weight of the crown was measured by weighing branches and needles together. A cubic spline function was fitted for each tree to calculate the stem diameter at 10-cm intervals. The volume of each 10-cm disk was calculated with the cylinder formula and summed to obtain the total stem volume. To determine the dry matter content, samples of branches and needles of about 1.5 kg each were taken from 28 trees. The samples were dried in the oven at 105°C until they reached constant weight. The average dry matter content of branches and needles (0.49 and 0.45, respectively) was multiplied by the corresponding fresh biomass of every sample tree in order to calculate the dry biomass for these components. Finally, to determine the basic density of the tree stem, 37 stem disks were taken from trees of different sizes. The samples were also dried in oven, and the basic density was calculated by dividing the obtained dry weight by the fresh volume of the disk. The stem dry biomass of every tree stem was then computed by multiplying the total stem volume by the basic density. The average basic density of the samples (0.519 kg/dm 3 ) was used to convert stem volume into stem biomass.
Since needles were not separated from branches, the proportion of branches of the total fresh biomass of tree crown was calculated from p(branch)=0.6+0.003d, where d is dbh in centimeters. The formula is based on the information presented by Montero et al. (2005) for Pinus halepensis (the equivalent species of P. brutia in the western Mediterranean). This gives a branch proportion of 66 %, of the total fresh mass of branches and needles, when dbh equals 20 cm. In the samples taken to laboratory for the determination of dry matter content, the share of branches was 64 % in Lebanon and 67 % in Syria.
Selection of candidate models
Numerous allometric equations have been proposed to estimate the biomass stored in different tree components. The number of predictors used in different models may range from one single variable (diameter at breast height) to several variables (e.g., tree height, tree crown length, tree crown width). The aim was to fit models separately for the following tree components of aboveground biomass: stem, branches, needles, and crown (branches+needles). Since the tree-level information available from the P. brutia datasets were diameter at breast height, tree height, and crown length, we tested 16 models among the most utilized in previous research dealing with biomass prediction (e.g., Zianis et al. 2005) and including different combinations of the above-mentioned predictors (Table 2 ). Since the information provided by field measurements varies considerably between forest inventories, two alternative models were provided for each aboveground tree component: one of the models being the best possible combination of the available predictors and the other model being the best equation when using dbh as the only predictor. Predictions at tree, stand, and forest level were based on the latter model form.
Statistical analysis
The equations presented in this study were fitted under the intrinsically linear form (Návar 2010 ). Many models provided in the literature concerning biomass prediction use logarithmic transformation of the response variable (Table 2) , based on the assumption of a lognormal distribution. Nevertheless, making transformations generally causes biased predictions for the back-transformed variable. Although there are different methods to cope with this drawback (e.g., Baskerville 1972) , bias (and, hence, the use of correction factors) can be avoided by fitting models using nonlinear regression analysis. For this reason, the intrinsically linear models presented in this study were fitted by means of nonlinear regression analysis using generalized least squares, yielding predictions for the response variable on its original scale. This approach is presumed to also prevent the so-called additivity problem (Parresol 2001) arising from the mismatch between the sum of component-based predictions and total biomass estimates (Snowdon et al. 2000) . The statistical analyses were carried out using the nlme and stats packages in R software (R Development Core Team 2011). A power-type variance function was used to homogenize the residual variance:
where σ 2 is the error variance, y represents a variance covariate given by the fitted values of the model, and δ is the variance function coefficient.
Model evaluation
Several evaluation criteria were considered when choosing the best models for the different tree components: (a) statistical significance (p value<0.05), (b) minimum residual standard error (RSE), (c) non-biasness, (d) homoscedasticity and normal distribution of residuals, (e) parsimony, (f) acceptable levels of collinearity, and (g) agreement with current biological knowledge. As an additional test to check the absence of biased predictions due to the additivity problem, the crown biomass estimates computed from the sum of the separate predictions for the tree components were compared with the predictions directly obtained from a model fitted for the total aboveground biomass. The Akaike information criterion and the Bayesian information criterion were used in model selection, and likelihood ratio tests were carried out in order to assess whether the improvement caused by adding predictors to a null model was statistically significant. The mean square deviation (MSD) was partitioned into several additive error components allowing us to identify all sources of discrepancy from perfect fit (Gauch et al. 2003) . Tree-and forest-level predictions were based on models using dbh as the only predictor (Eqs. 20, 22, 24, 26, 30, 32, 34, and 36) .
Results
The majority of the selected biomass models were of the following form (Table 3) :
where d is the diameter at breast height (in centimeters), c is a vector containing the regression coefficients of any other predictor different than dbh, and X is a vector containing predictors other than dbh.
All the predictors used in the selected models were highly significant (p value <0.01). Crown length was a significant predictor of crown biomass components in the dense evenaged Syrian stands, whereas it was not among the best predictors in the more sparse and uneven-aged stands of Lebanon. The reduction of the RSE between the models with several predictors and those using only dbh ranged from 11.7 to 49.6 %. This effect was, in general, lower for the needle and branch biomass and higher for the stem biomass. In all cases, the biomass equations fitted for Lebanese trees presented higher RSE than the equations fitted for Syrian trees. The RSE values were 15.1-47.5 % lower for Syrian trees than in Lebanon, depending on the biomass component. The highest between-country difference in terms of RSE corresponded to the crown biomass model with dbh as the only predictor (Eqs. 24 and 34). The lowest difference also corresponded to the equation for crown biomass, but to the one using more than one predictor (Eqs. 23 and 33).
Evaluation of the selected models
When evaluating the predicted versus observed total biomass values of P. brutia trees, the root mean squared deviation (RMSD) and bias of the model for trees growing in Lebanese stands were 47.6 and −0.4 kg tree , respectively. The main source of discrepancy from perfect fit was due to the scattering of the observations around the predicted values (93 and 98 % of the MSD in Syrian and Lebanese stands, respectively), whereas the contribution to Table 2 Tested allometric equations, where y is dry biomass (in kilograms per tree), d is diameter at breast height (in centimeters), h is tree height (in meters), and cl is crown length (in meters)
Equation number
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the MSD due to squared bias was practically 0 % (unbiased allometric equations), and the proportion of the MSD explained by the nonunity slope was also low (2 and 7 % for the uneven-aged and even-aged case, respectively). The comparison between predicted total aboveground biomass calculated by adding the estimates of the different components and by direct estimation via an allometric model almost followed the perfect equality line. The mean difference between the prediction approaches was −0.1 kg tree −1 for Lebanon and −2.8 kg tree −1 for Syria, which means that no remarkable additivity problems were found.
Tree-level biomass predictions based on the selected models
The contribution of each component to the total aboveground biomass varied according to tree size as shown in Figs. 2 and 3. The proportion of stem biomass is lower in small or young trees, whereas the proportion of crown biomass diminishes as the tree grows. A medium-sized pine growing in an unthinned even-aged stand is expected to have 30 % more biomass in its stem than a medium-sized tree growing in a sparse and more irregular Lebanese stand. On the contrary, a medium-sized tree growing in Lebanon is expected to have 88.5 % more biomass in its crown than a medium-sized tree in a Syrian stand. The statistical assessment by means of an indicator variable and by analysis of variance showed that the differences were significant for all aboveground tree components. On the other hand, no statistically significant differences were found for the total aboveground biomass of P. brutia (Fig. 3 ).
Forest-level biomass predictions
Assuming that the Syrian models represent even-aged stands grown without thinnings and the Lebanese models represent selection cutting systems resulting in uneven-aged stands, the models give an idea of the biomass distribution in these systems (Fig. 4) . Such a calculation was done for a forest containing three age classes of even-aged stands and for a forest having a similar uneven-aged structure everywhere. The basal areas of the stands used in the calculation were typical values for Syrian and Lebanese P. brutia forests (Shater et al. 2011; de-Miguel et al. 2012b ). The proportions of biomass components in the even-aged and uneven-aged forests reflected the proportions found at tree level. The contribution of stem biomass to the total aboveground biomass of the 20-, 40-, and 60-year-old age classes was 79.8, 80.5, and 80.6 %, and crown biomass represented 20.2, 19.5, and 19.4 %, respectively. The proportions of stem and crown biomass for the uneven-aged case were 61.8 and 38.1 %, respectively.
Discussion
This study highlights the importance of considering forest stand structure and past forest management practices when aiming at predicting biomass and carbon stock in different components, especially when dbh is used as the only predictor of tree biomass. Long-term simulations of carbon stock under different management regimes and stand structures (e.g., Bravo et al. 2008; del Río et al. 2008; Bragg and Guldin 2010; Pukkala et al. 2011 ) often assume that trees of a given species have a similar partitioning of biomass and carbon into different components regardless of the stand structure or forest management regime. Our results show, however, that significant intra-specific differences in biomass and carbon allocation can be found in trees and stands managed under different silvicultural regimes. Considering these differences may contribute to improve the assessment of biomass and carbon in forest planning and long-term scenario analyses. The results and conclusions are based on sound aboveground biomass models for different tree components of P. brutia based on large-scale sampling.
Performance of allometric equations and reliability of predictions
One of the strengths of the fitted equations relies on the valuable sampling carried out within this research. As reported by Zianis et al (2005) , more than 90 % of the 607 equations included in the collection of biomass equations for tree species in Europe were based on a sample size smaller than the 201 trees sampled in this study (most data sets had six to 40 sample trees). The same authors stated that there are no equations from large geographical areas for Mediterranean forests, which constitutes and added value of this work. The few previous publications on P. brutia biomass (Bilgili and Kucuk 2009; Durkaya et al. 2009; Zianis et al. 2011 ) used a smaller sample of mature trees: 35, 41, and 18 trees, respectively. Chave et al. (2004) recommended that only allometric equations based on at least 100 trees should be used in biomass prediction, which was the case for all biomass models presented in this study. In addition, the sampling of this study covered a wider range of variation in tree size (dbh from 2.3 to 55.8 cm) than in previous research. Particularly, the inclusion of a considerable number of trees with dbh below 10 cm makes it possible to provide unbiased biomass estimates also for small trees, which constitute a significant biomass component of the stand. This is especially important when dealing with fire-prone P. brutia forests, where detailed knowledge about fuel properties is needed for fire behavior prediction (Chave et al. 2004; Bilgili and Kucuk 2009) . Systematic overestimation of aboveground biomass for small trees has been reported to occur when models are fitted using only large trees (van Breugel et al. 2011) . The large sample and size variation of sample trees increased the precision of biomass estimates and enabled further inspection of tree allometry dynamics (Návar 2009 ). The basic density obtained from the P. brutia sample trees (average value of 0.519 g/m 3 ), on which the calculations of the observed biomass are partly based, was in line with those reported in other studies for the same species (e.g., Guller 2007) .
Most of the selected equations were inspired by the model form proposed by Marklund (1987 Marklund ( , 1988 ) (Eq. 11). Muukkonen (2007) also found that this equation had better fit than the most commonly used power equation due to its higher flexibility when predicting biomass of small trees. As suggested by Chave et al. (2005) , a power law does not seem to be the best way to predict tree allometric relationships. According to the differences in terms of RSE between equations for the same tree component, additional predictors in the model (i.e., tree height and crown length) had a stronger effect on the goodness of fit in the equations for Lebanon. This could be explained by higher heterogeneity in tree shape of pines growing in more uneven stand structures, needing additional variables to successfully describe tree size and shape. In the equations of António et al. (2007) , the use of tree height as the second predictor decreased residual variation by 72 % for stem wood biomass, 8 % for stem bark, 12 % for foliage, and 10 % for branches. Chave et al. (2005) reduced the standard error of biomass estimates from 19.5 to 12.5 % when tree height was included as a predictor. The use of predictors accounting for the vertical tree and stand structure can improve the quality of the models and their potential applicability to different sites. Therefore, equations based on tree diameter as a single predictor should be used with caution (Ketterings et al. 2001; Chave et al. 2005) . Increasing use of LIDAR in forest inventory will provide accurate predictions of tree height and crown dimensions, which will improve future individual-tree aboveground biomass estimations at stand, forest, and landscape level. Model evaluation revealed that biomass predictions were accurate and nonbiased. Heteroscedasticity was modeled by means of a power-type variance function (Eq. 17), which improved significantly the fitting statistics of all biomass models. The regression coefficients of the selected models were consistent with the current biological knowledge. The equations using the simple power model (Eq. 1), presented slope coefficients with values not far from those expected from the theoretical 8/3 global allocation rule (West et al. 1999; Enquist and Niklas 2001) . However, they were closer to the average empirical power value (2.37) obtained by Zianis and Mencuccini (2004) for numerous tree species and forest ecosystems throughout the world. Návar (2009 Návar ( , 2010 suggested that since empirically obtained model parameters seem to provide better biomass estimates, further research is needed for the development of theoretical allometric models based for instance on fractal geometry. The coefficients accompanying the predictor under the model form of Eq. 11 were of similar magnitude as the ones reported by Muukkonen (2007) for some tree species in Europe. 
Biomass components
Even-aged Uneven-aged Fig. 4 Assessment of forest-level aboveground biomass in even-and uneven-aged management. Even-aged management is represented by three age classes (20, 40, 60 years) of equal area, and uneven-aged management is represented by one diameter distribution which remains constant along time 4.2 Tree-and stand-level differences: implications in biomass and carbon prediction
The countries in which the data for this research were collected have followed different forest policies and practices which, in turn, have had an impact on P. brutia stand dynamics and structure. In Lebanon, selection cuttings aiming at harvesting the "best" pines were common until the beginning of the 1990s. On the contrary, large-scale harvesting activities on coniferous forests of Syria seem to have ceased much earlier.
As a consequence of this, pine stands in Syria are more dense and even-aged, whereas the Lebanese stands present different degrees of "uneven agedness" resulting in higher within-stand heterogeneity in terms of tree size and shape (de-Miguel et al. 2010 (de-Miguel et al. , 2012b . The determination of differences in stand structure based on statistical criteria such as standard deviation and skewness (Fig. 1) of the stand diameter distribution is consistent with the methods utilized by Burrows et al. (2002) to assess the effect of stand structure on carbon stock. In combination with forest fires and environmental factors, past management has led to significant differences in the amount of biomass and carbon accumulated in different tree components (Fig. 3) . On the other hand, despite the trees were significantly (p <0.05) shorter in Lebanon than in Syria at a given dbh (Fig. 5) , the total aboveground biomass of trees of equal dbh was nearly the same in both countries. The crown ratio was significantly higher for pines growing in the sparse and more uneven-aged stands of Lebanon (Fig. 5) . As a result, trees growing in uneven-aged stands had more biomass and carbon in their crown components (needles and branches) than trees growing in unthinned and even-aged Syrian stands. Since the crown length of trees of same dbh was not different between Syria and Lebanon (Fig. 5) , these results show that tree crowns are wider and/or denser in the uneven-aged Lebanese stands and that the allometric relations are sensitive to past growing conditions. Consequently, the biomass and carbon stored in the stem of trees is lower in uneven-aged stands than in even-aged stands (Figs. 2 and 3) . The crown/ stem biomass ratio (Fig. 2) decreases as dbh increases and tends to stabilize when dbh attains between 15 cm in Syria and 30 cm in Lebanon. In Hemery et al. (2005) , the crown/stem diameter ratio tended to stabilize around 30-cm dbh. Kuuluvainen (1991) also found that the proportion of stem biomass from total aboveground biomass (so-called harvest index) increased from smaller to larger trees and then stabilized. This reflects, in line with the pipe-model theory (Mäkelä 1986) , the increasing need for biomass allocation into stem at early stages of tree development until a balance between stem and crown biomass accumulation is achieved. The stabilized harvest index reported by Kuuluvainen (1991) for larger trees growing in even-aged Norway spruce stands (slightly higher than 0.8) is fairly similar to the one found in this study for even-aged P. brutia stands growing in Syria, whereas the harvest index of the multi-layered P. brutia stands in Lebanon is around 0.6.
The results suggest that forest management-induced stand structure may have a significant influence on the way biomass and carbon are distributed within the tree since, depending on the resulting stand structure, trees adopt different ways to allocate biomass and carbon (Tinker et al. 2010) . The results are consistent with current biological knowledge on stand dynamics of light-demanding species. Namely, trees growing in unthinned dense even-aged stands are expected to have longer stems and smaller crowns as a result of competition for light. Dominant trees growing under strong competition in even-aged stands are expected to have relatively small branch and foliage biomass (Návar 2009 ). In selectively cut unevenaged stands, dominant trees experience less competition and can further develop their crowns (Naidu et al. 1998; Jenkins et al. 2003) . This may happen especially when the stand density has been low for a long time. High competition at young ages would most probably result in shorter crowns and thinner branches also in uneven-aged stands (Pukkala et al. 1992; Hynynen 1995; Hasenauer and Monserud 1996) . Similarly, if an even-aged stand is sparse at young age, which is the case in tree plantations, tree crowns are probably larger than in dense naturally regenerated even-aged stands. Due to the low shade tolerance of P. brutia, uneven-aged stands are not likely to be associated with high stand densities of the dominant canopy layer, but even-aged stands may have low density.
This suggests that, to correctly predict crown dimensions, it is important to know the past competition rather than current stand structure (Hynynen 1995) . Since stem taper and d/h ratio reflect the tree's past growing conditions, it is recommendable to use both dbh and height in biomass prediction in simulations where different management regimes are possible (Chave et al. 2005) .
Previous research on P. brutia stand dynamics based on different and larger datasets throughout the same study area (de-Miguel et al. 2010 ) already revealed lower dominant heights for the Lebanese stands most likely owing to both anthropogenic reasons (past forest management oriented toward selection cuttings) and environmental factors (Lebanese P. brutia forests represent the southernmost limit of the natural distribution area of this species). This suggests that the results presented in this article reflect real forest stand conditions within the study region and contribute to corroborate that tree allometry is modulated by environmental factors and forest structure in different geographic locations (Palumets 1988; Feldpausch et al. 2011) . Further comparisons with previous research for this species contribute to reinforce the conclusions of this study. For instance, analyses carried out in Turkey (Durkaya et al. 2009 ), where P. brutia forests are managed under even-aged schedules, showed lower crown biomass and higher stem biomass than in Greece (Zianis et al. 2011) , where pine stands are characterized by a certain degree of uneven agedness (Palahí et al. 2008) . Regarding the total (aboveground and belowground) biomass, the models of Montero et al. (2005) suggest that the share of root biomass of Mediterranean pines is typically about 35-38 % of the total biomass, or 53-61 % of the above-ground biomass. These percentages could be used also for P. brutia if no better information is available.
The differences in biomass allocation found at tree level are propagated to stand and forest levels. Therefore, equivalent results, but not equal, to those reported at tree level were found when predicting forest-level biomass under different stand structures and management regimes (Fig. 4) . These simulation results suggest that, at similar stand basal area, biomass and carbon stock are higher in forests populated by larger trees, as described by Balderas Torres and Lovett (2012). The main differences arise from the fact that the distribution of tree sizes varies according to stand structure, and biomass allocation depends on tree size (Fig. 2) . Differences in crown and stem biomass and carbon between even-aged and uneven-aged stands can be very high in both absolute and relative terms. Moreover, using the "wrong" equations according to the stand structure may cause significant over-and under-estimations of biomass and carbon in different components at different scales Diameter at breast height, cm Syria (even-aged) Lebanon (uneven-aged) Fig. 5 Observations of trees growing in Syria and Lebanon revealing the main differences in tree size and shape according to crown length, bole height, crown ratio (defined as crown length divided by total height), height-diameter relationship, and biomass in different tree components (tree, stand, forest, etc.) . For example, using the "uneven-aged equations" in an even-aged stand of 25 m 2 ha −1 in basal area produced overestimation of 104.6 % in crown biomass and underestimation of 25.3 % in stem biomass when compared to the prediction based on the correct allometric model (the one fitted for even-aged stands). Similarly, using the "even-aged equations" in an uneven-aged stand of 25 m 2 ha −1 in basal area resulted in 51.8 % underestimation of crown biomass and in 32.2 % overestimation of stem biomass. In the same vein, the "average" models for Middle East based on pooled data from Syria and Lebanon and using dbh as the only predictor may be unbiased at the regional scale, but result in biased predictions at the country level (Fig. 3) . The total aboveground biomass estimates did not differ significantly at tree level, which suggests that, if the aim is predicting total aboveground biomass, there is probably no need to consider different allometric models for different stand structures and management schedules. However, this is not usually the case in contemporary multi-objective forest management and planning where predictions of biomass and carbon in separate components are required for instance to assess fire risk and intensity, to predict the amount of cutting residues in carbon balance calculations or to estimate carbon emissions from forest degradation related to the differential use of tree components (e.g., selective logging of branches to collect fuelwood by rural communities).
In combination with models for even-aged and unevenaged P. brutia stand dynamics (de-Miguel et al. 2010 (de-Miguel et al. , 2012b Shater et al. 2011) , the allometric equations provided in this study can be used to predict above-ground biomass and carbon stock under different forest management scenarios. Together with taper equations for the same species (de-Miguel et al. 2012a) , they can be used to assess how much carbon is sequestrated in different timber assortments. The results presented in this article are based on country-specific data, which are required in national greenhouse inventories with higher methodological complexity (IPCC 2006; Henry et al. 2011) . In this regard, the results of this study are also relevant within the framework of the IPCC guidelines (IPCC 2006) to the adoption of high-resolution and country-specific methods to estimate forest carbon, namely tier 2 (for national level) and tier 3 (for local-level forest modeling). Providing stand structure-sensitive models has much ado with increasing the degree of localization when fitting localized allometric equations and yielding predictions. Local allometric models most likely provide accurate aboveground biomass estimates, and if based on large enough and balanced samples, they may contribute to decrease the level of uncertainty in biomass and carbon prediction at forest and landscape levels (van Breugel et al. 2011) . On the other hand, using stand variables which can be affected by forest management operations as predictors in biomass models results in instant changes in predicted biomasses. Therefore, models used in simulation should not use such variables, but only tree-level predictors (i.e., dbh, tree height, crown dimensions).
